Introduction

36
There is a need to understand and quantify the effects of temperature on the early age 37 strength development of concrete mixtures. This need, which has been recognised for a long 38 time from researchers and engineers, has been mainly associated with: a) determining the 39 elevation of curing temperature necessary to achieve the required early age strength (Saul, 40 1951) which will enable safe lifting of precast concrete structural elements as early as sixteen 41 to eighteen hours after casting and, b) predicting the real-time strength on-site, particularly 42 during cold weather concreting, to allow safe formwork striking and removal of props and 43 ultimately, avoid collapses like the Willow Island one (1978) te is the equivalent age at the reference temperature (days), 69
Tr is the reference temperature (°C). 70
71
The concept of equivalent age, which was originally introduced by Rastrup (1954) , 72 has become particularly convenient when it comes to using other formulations besides 73 Equation 1 to account for the combined effects of temperature and time on the strength 74 development of concrete. 75
The assumption that the strength development rate follows the Arrhenius principle 76 leads to the maturity function shown in Equation 3, which is referred to as Arrhenius 77 function in this study (Freiesleben and Pedersen, 1977) . 78
Equation 3 80 81
where: te is the equivalent age (days), 82
Ta is the average temperature of concrete during time interval t (K), 83
Ts is the specified reference temperature (K), 84
Ea is the "apparent" activation energy (J/mol), 85 R is the universal gas constant (J/K·mol). 86
87
The determination of the "apparent" activation energies can be achieved using 88 "equivalent" mortar samples, as recommended by ASTM Standard C1074-98 (ASTM, 2011) 89
where: S is the compressive strength at age t (MPa), 99
Su is the ultimate compressive strength at temperature T (MPa), 100 k is the rate constant (1/days), 101 precasting works (Neville and Brooks, 2010) . Thermal activation by use of heated mix water 146 has also been suggested (Reddy and Soutsos, 2016 
Concrete mixes investigated 180
The concrete mixtures investigated had target 28-day cube compressive strengths of 181 30 and 50 MPa. The neat PC mixes were PC30 and PC50. Mixes with 30% of the total binder 182 being FA were FA30 and FA50 whilst those with 50% GGBS were GGBS30 and GGBS50. 183
The mixture proportions of the concrete investigated are shown in Table 2 Type-T thermocouples were embedded in it through an opening in the top of the box. 212
Two additional Type-T thermocouples were submerged in the water in the tank in 213 order to continuously monitor its temperature. The thermocouples were all connected 214 to a Pico TC08 data logger and a computer which was recording the temperatures and 215 was also programmed to trigger the water heating system once the difference between 216 the water and the concrete sample temperatures was exceeding 1 °C. It may be 217 assumed, taking into consideration the fact that there has been no drop in temperature 218 once the peak had been reached, that there was only a very low amount of heat lost 219 and thus no adjustment was denned necessary for the results. However, even small 220 heat losses during hydration may have still affected the peak temperature. The 221 programmable computer control curing tank used for adiabatic tests is shown in Fig. 2  222 and a schematic diagram of the setup in Fig. 3 . In addition, the three gang-moulds, 223 containing 100 mm size concrete "companion" specimens, were wrapped after casting 224 with cling film and tape and submerged in the programmable computer controlled 225 , which is 244 also the one recommended by ASTM Standard C1074-11 (ASTM, 2011), was used for the 245 regression curves. The regression analysis constants Su, k and t0 obtained are shown in Table  246 3. It appears that FA30 and FA50 concretes had higher 28-day cube compressive strengths 247 than those of the corresponding PC and GGBS mixtures. The contribution of FA to the long-248 term compressive strength development also becomes apparent in Fig. 4 whilst compressive 249 strength of GGBS mixtures at early ages is again confirmed to be lower compared to the 250 equivalent ones of PC and even FA mixes. The adiabatic temperature rise of all the investigated concretes is depicted in Fig. 5(a) . 255
The neat PC concretes of 30 and 50 MPa strengths had a temperature rise of 32.5 °C and 48 256 °C respectively from a placement temperature of nearly 20 °C. 50% GGBS replacement 257 appears to be effective in reducing the adiabatic temperature rise to a considerable extent, i.e. 258 down to 24 °C and 38 °C for grades 30 and 50 MPa, respectively. 30 % FA replacement 259 reduced the temperature of the 50 MPa concrete down to 39 °C but there was no reduction for 260 the 30 MPa concrete. This appears to be abnormal except that FA was not used to replace PC 261 on a weight for weight basis. FA was 30% of the total binder but, because the concretes were 262 designed to have equal 28-day strength, the FA concrete mixes had higher binder contents, 263 see Table 2 ; 385 kg/m The strength development of all concrete mixes cured under adiabatic conditions is 290 shown in Fig. 6 . All the concretes benefited from the adiabatic temperature rise and had much 291 higher early age strengths than when cured at 20 °C. The most benefit for the GGBS concrete 292 appears to be at 2 or even 3 days and this is confirmed by plotting the adiabatic (Sadiabatic) tostandard (S20 °C) curing relative strengths as shown in Fig. 7 . This is because GGBS reduces 294 not only the temperature rise but also the rate of temperature rise at early ages. The peak 295 temperature of concretes with GGBS is reached after the first day and therefore a more 296 marked improvement in strength is obtained at 2 and 3 days rather than one day. 297
The improvements in the compressive strengths relative to each mixture's standard 298 28-day (20 °C) curing strength, i.e. (Sadiabatic/S28-day, 20 °C), see Fig. 8 , show that the strengths of 299 FA and GGBS mixes are still lower than the adiabatically cured PC concretes at early ages. 300 This is despite that the strength improvement of FA and GGBS mixes is more significant than 301 the corresponding PC mixes. Even the moderate improvement to PC strengths has maintained 302 their strength above those with GGBS and FA at least for the first day if not for up to 3 days. 303
The "cross-over" effect i.e. high curing temperature results in a greater strength than a low 304 curing temperature at early ages, and conversely results in lower strength at later maturities 305 (McIntosh, 1956) , is less apparent for the adiabatically cured specimens than it was for 306 isothermally cured specimens (Soutsos et al. 2017). The PC50 mix shows "cross-over" 307 between three and five days whilst the PC30's only occurs at 28-days. The "cross-over" for 308 GGBS and FA mixes is not apparent within the first 28 days but it is likely that this will 309 occur at later ages, see Fig. 6 . 310
The improvement of strength, in terms of the adiabatic strength (Sadiabatic) to the 311 standard curing strength (S20 °C) for the FA mixes seems to be similar to that of PC concretes 312 with 30 MPa strength and remarkably better for the 50 MPa, see Fig. 9 . The latter seems to 313 indicate that FA contributes significantly to the strength even at low water to binder ratios 314 whilst at the same time reducing the temperature rise of the concretes. 315
Concrete strength estimates 317
The only requirement of Nurse-Saul function in order to calculate the maturity index 318 according to Equation 1 or the equivalent age according to Equation 2, is the temperature 319 history of the concrete. Conversely, in addition to the temperature history, the Arrhenius 320 function also required the "apparent" activation energies, Ea, of concretes under investigation. 321 Table 2 . 332
The adiabatic temperature histories, Fig. 6 , were converted, using the strength-time 333
and Arrhenius equations, into estimated strength development curves and these are shown in 334 
Conclusions
360
The strength development of isothermally (20 °C) and adiabatically cured concretes 361 was determined. It was found that: 362  GGBS was efficient in reducing considerably the adiabatic peak temperature rise. 363
 FA was only efficient in reducing considerably the adiabatic peak temperature rise for 364 the high, 50 MPa, compressive strength which had a lower water-binder ratio. Significant increases in early age strength resulted from the adiabatic curing regime 366 despite that considerable temperature rises did not occur until after 12 hours and peak 367 temperatures only after 24 hours. 368  The "delay period" before the "temperature rise period" of the adiabatic curing regime 369 was sufficient to reduce or delay the "cross-over" effect to beyond 28-days for all mixes 370 other than PC50. 371 372 Maturity functions were used to estimate the strengths for the adiabatically cured 373 concretes. It was found that: 374  The Nurse-Saul function underestimated the improvements in the early age strengths 375 resulting from the higher "curing" temperatures of the adiabatic curing regime. It is 376 believed that this occurred because it assumes that the concrete strength gain rate varies 377 linearly with temperature and is the same for all binders. 378  The Arrhenius based function was found to be more accurate and this is because it 379 allows for an exponential strength gain rate with temperature relationship. 380  The Arrhenius based function strength estimates were significantly better for the 381 adiabatically cured concretes than for the 50 °C isothermally cured ones. The latter are 382 believed to have been affected by the detrimental effect of high curing temperatures 383 starting from early age. 384
385
Ongoing work is aiming to determine modifications to the currently available 386 maturity functions or develop improved ones for better estimates of both early age and long-387 term strength development with and without cement replacement materials. 388
389
The majority of the experimental work described here was carried out by Dr A. and also for their 50 °C isothermally cured "equivalent" mortars 626
